We show experimentally and numerically that when a weak shock interacts with a finger flame in a narrow channel, an extremely efficient mechanism for deflagration to detonation transition occurs. This is demonstrated in a 19mm-thick channel in hydrogen-air mixtures at pressures below 0.2 atm and weak shocks of Mach numbers 1.5 to 2. The mechanism relies primarily on the straining of the flame shape into an elongated alligator flame maintained by the anchoring mechanism of Gamezo in a bifurcated lambda shock due to boundary layers. The mechanism can increase the flame surface area by more than two orders of magnitude without any turbulence on the flame time scale.
Introduction
The problem of shock-flame interactions has attracted much interest, as it is believed to control the transition of deflagrations to detonations (DDT) [1] [2] [3] [4] [5] [6] . The passage of a shock over the flame provides distortion of the flame front by the Richtmyer-Meshkov instability. Subsequent interactions with reflected shocks further deform the flame, increase the burning rate and the local gas temperature to permit transition. This deflagration to detonation transition is however highly dependent on the reactivity of the fuel, turbulence intensity and boundary conditions, such as confinement, congestion, etc... [7] . The complexity of the turbulent flame prior to transition to a detonation in typical experiments [1, 4] makes it difficult to formulate simple macro-scale conceptual models for DDT, although such attempts have been made in an ad hoc basis [4, 5, 8, 9] with some success. For example, numerical re-construction of Thomas' experiments of shock-flame interactions in a tube have also shown that both turbulence and boundary layer effects are extremely important [10, 11] and control the burning rate in a complex manner. The reflected shock takes on a bifurcated lambda structure, where a re-circulation zone anchors the turbulent flame at the wall near the reflected shock.
Recently, the authors [6] have revisited this fundamental problem of shock-flame interaction by attempting to simplify the geometry studied by Thomas, Rakotoarison and their collaborators [1, 4, 5] . Instead of a spherical flame studied by Thomas leading to a highly convoluted turbulent flame, they considered a planar flame, such that the head-on interaction of a shock and the flame retains the macro-scale one-dimensionality of the problem.
They studied hydrogen-air mixtures at low pressures in a narrow smooth channel of 1.9 cm thickness, smaller than the intrinsic flame cellular structures at those conditions, in order to probe the details of the Richtmyer-Meshkov instability. They found that the initial interaction provided a modest flame area increase consistent with Richtmyer-Meshkov deformation of an inert interface. Quite surprisingly, however, they observed that the reflected shock rapidly formed a detonation wave, in spite of the weakness of the shock strength used.
In the present communication, we wish to elucidate quantitatively why the transition to detonations in these previously reported experiments [6] was possible, in spite of the low sensitivity of the fuel-air mixture at the low pressures studied, small channel dimension, weak shock used, and absence of turbulence. As it will be shown, the thinness of the channel played the key role, by permitting highly strained flames by the anchoring mechanism of Gamezo [10, 11] . Indeed, it joins other observations of increased propensity for flame acceleration and DDT in capillary tubes [12] [13] [14] [15] [16] . The extremely efficient DDT process from shock-flame interactions in narrow tubes or channels is of course extremely useful in applications where rapid DDT is desirable, such as pulse-detonation engines and detonation spray-guns, but also of relevance for accidental vapor cloud explosions, where the presence of narrow passages may provide the locus of detonation ignition in otherwise non-detonable clouds.
The present paper is organized as follows. First we report the details of the experiments. The experiment is then re-constructed by direct numerical simulation, which is followed by analysis of the detonation transition process observed in order to elucidate the physical mechanism for flame acceleration and transition to a detonation.
Experiments
The experiments were conducted in a 3400mm long, 203mm-tall and 19mm wide channel, as shown in Fig. 1 
gas generated a shock wave propagating to the right, while a flame was ignited at the opposite end in the test mixture, which consisted of stoichiometric hydrogen-air. The driver gas was separated from the test gas by an aluminimum diaphragm. A series of high-frequency piezoelectric PCB pressure sensors (p 1 -p 7 ) were mounted flush on the top wall of the shock tube to collect pressure signals and the arrival of the shock. A pair of optical quality glass window was installed at the test section in order to visualize the phenomenon. The test mixture was ignited by a 0.15mm-thick tungsten wire spanning the entire channel height. When the flame has propagated a sufficient distance to acquire a quasi-stationary cellular structure, the shock wave was triggered by a detonation wave in the driver gas. The detonation then ruptured the diaphragm and transmitted a shock wave into the test gas, followed by a much weaker flame that did not participate in the experi- ment. The transmitted shock later traveled toward the flame and interacted head-on. A Z-type schlieren system with a field of view of 317.5mm was implemented to capture the evolution. The image sequence was recorded using a high-speed camera (Phantom v1210) with a frame rate of 59590 frames per second and an exposure time of 0.468µs. More details can be found in [6] . Treating the various gasdynamic waves (shock, flames, contact surfaces and expansion waves) as gasdynamic discontinuities over which the jump conditions apply, the state behind the flame was obtained [6] . Near the reflecting wall the gas speed is zero, consistent with the vertical streaks in its Champman-Jouguet condition, since it propagates at the sound speed relative to the (here stationary) burned gas. It suggests that the shockflame complex further accelerated to speeds superior to the CJ deflagration condition before transiting to a detonation.
Numerical Simulations
The experiments clearly suggest that the flame evolution is three-dimensional, in spite of the thinness of the channel. While the in-plane initial Ricthmyer
Meshkov flame deformation evident in Fig. 2 was addressed in our earlier study [6] , here we focus on the flame dynamics across the thickness of the channel in the third dimension, across which the schlieren integrates. Since the Ricthmyer-Meshkov deformation visible in the schlieren photographs has Falle at the University of Leeds [19] using a second-order accurate Godunov exact Riemann solver [20] with adaptive mesh refinement.
The chemical kinetic parameters were calibrated in separate calculations to capture the actual kinetics of the hydrogen-air mixture in the experimental condition. The global activation energy was determined from E a = −2R ∂(ln(ρ u S L ))/∂(T −1 ad ) p,φ following Egolfopoulos [21] , by calculating the mass burning flux (ρ u S L ) for the given initial pressure p and equivalence ratio φ, then slightly varying its value through the substitution of a small quantity of nitrogen by argon. Here, T ad is the adiabatic flame temperature. The pre-exponential factor is calculated by solving for the laminar flame speed satisfying the low-Mach one-dimensional steady flame structure equations using the shooting method proposed by Travnikov [22] . For the mixture studied, the Lewis number was set to 1.0 according to Jomaas et al. [23] .
The flame was set to start from the right side of the channel, by imposing the profiles from the steady flame calculation, and a constant initial pressure and zero velocity along the entire channel. A base grid of 1.5 grid points per flame thickness with five grid refinement levels is used. The reaction zone and diffusion zone were enforced to have the highest refinement level, giving an effective resolution of 48 points per flame thickness. When the flame tip has propagated to the same position as in the experiment, the shock reached the flame and interacted head-on.
Results and Discussion
In order to understand the shock-flame complex structure and the mechanism of the DDT process, a series of different initial shock Mach numbers of 1.7, 1.9, 2.1, 2.3 and 2.5 were investigated. DDT was observed for all the cases other than the case of shock initial Mach number equals to 1.7.
Here, we report the result of the interaction of the shock with a initial Mach number of 1.9 with a flame. Note that the incident shock went through a long distance to reach the flame, with the influence of the boundary layer effect, the shock strength to reach the flame is M s = 1.45, lower than in the experiment.
The flow field evolution is best understood by referring to Fig. 5 , together with Fig. 6 , which show the evolution of the temperature profile. Fig.   5 shows the evolution of the temperature in the domain of interest at sequential times to form a space-time evolution of the process, while Fig. 6 shows some noteworthy details. The video animation provided as supplemental material provides further clarification. Before the interaction with the leading shock, the flame has acquired an elongated finger-shape due to the no-slip condition at the wall ( Fig. 6(a) ). Here the surface area of the flame is 11 times larger than the channel half-width. After the shock passes over the flame, the flame gets inverted by the usual Richtmyer-Meshkov instability ( Fig. 6(b) ). However, when the shock reflects back to pass over the flame, the flame acquires a very elongated structure, characteristic of shocks interacting with flames from the burned towards unburned gas [24] . This is also accompanied by Kelvin-Helmholtz instability due to the shear illustrated in The whirls observed in the calculations along the shear layer thus explain the long texturized flame observed in the experiments along the line of sight ( Fig. 2(f) ).
The reflected shock also gives rise to a λ structure as it interacts with the boundary layer flow of the initial incident shock [17] . The re-circulation bubble of this shock bifurcation anchors the flame tip, as observed also in calculations by Gamezo [10, 11] . It can also be seen that flow close to the boundary layer in the burnt region has acquired a relatively large velocity compared to the flow speed behind the shock in the unburned gas, which explains why the flame is anchored to the shock. The combination of flame anchoring and narrowness of the channel (which controls the initial finger shape) makes for a very efficient mechanism to strain the flame. For ex- The explosive increase in consumption rate during the flame straining is showed in Fig. 7 . It is reported as an effective burning velocity, defined as S t = (Yρ u ) −1 sω dxdy, whereρ u is the average density of the non-burned gas in the section of the tube occupied by the flame andω is rate of reactant mass consumption per unit volume per unit time. Time zero marks the inter-action of the finger flame with the shock. Before this interaction, the effective burning velocity is approximately 12 times the laminar value, consistent with the area increase of the finger flame described above. After the interaction with the incident shock, the burning velocity increases exponentially during the flame reversal period. The exponential dependence suggests that this is not a simple linear straining of the flame by hydrodynamics alone, as expected from inert Richtmyer-Meshkov instability, but the flame consumption of non-reacted material contributes to the flame elongation, similar to the mechanism of finger flame acceleration [14] .
The re-shock of the flame by the reflected shock at approximately 0.4t 0 marks a momentary reduction in the rate of acceleration, followed by a second exponential increase in consumption rate while the alligator-shaped flame further elongates. By the end of this stage, at approximately 0.8t 0 , the flame has increased its consumption rate by nearly 200! This appears to be entirely due to the elongation of the flame surface area, as the consumption rate is comparable with the area increase. The following saturated stage during which the flame consumption rate no longer increases at the same rate corresponds to a Chapman-Jouguet deflagration, as shown below. This is punctuated by a rapid run-away process at 1. in order to obtain the effective one-dimensional fields [25] . The evolution are evident by the convergence of the C − characteristics in Fig. 8 , but best seen in Fig. 9 . These pressure waves are amplified while in residence in the flame. In the last stage of this amplification, the flame front, marked by the 10% iso-contour becomes in phase with the sound waves, we call this a sonic flame. This marks the most rapid phase of forward facing pressure wave amplification. The net effect of this amplification stage is to strengthen the lead shock.
Interestingly, auto-ignition plays little role during the entire flame acceleration, whose burning rate is diffusively controlled through the explosive increase in the surface area of the flame. This has been confirmed by calculating the ignition delay times in the unburned gas, by including the effect of transient compression of the gas behind the shock. A linear compression ramp for each particle was found adequate to describe this compression. With the rate of compression given, the Lagrangian energy and species equations along each particle path become ordinary differential equations [26] , which were solved numerically. The resulting ignition delay times are shown in Fig.   8 . They are found to be a few times longer than the residence time of the gas in front of the flame. It is only at the end of the acceleration process that the ignition delays become shorter than the residence time. This is in perfect agreement with the observations of hot-spot ignition in the shocked non-reacted gas at this last stage. from neighboring hot spots. Fig. 10 shows the details. From 1.253 t 0 to 1.255 t 0 , the compression wave marked by the white dashed lines formed by the flame at an earlier time propagated to reach the precursor shock and formed a contact surface back to the right. A hot spot then emerged at the intersection of the constant surface and the bottom wall, where it has the highest temperature as the compression wave reached the bottom of the leading shock first. Then, at later times, more hot spots were formed until it finally transited to detonation.
The final DDT occurs very rapidly and resembles a volumetric explosion

Closing remarks
To recapitulate, the overall process of the acceleration relies uniquely on the strain of the flame. Its increase in surface area gives rise to an exponential increase in its burning velocity, similar to the acceleration of finger flames in narrow channels [14, 27] . The rapidity of the overall process, found to occur Rather, the formidable flame deformation and its eventual proximity to the Chapman-Jouguet limit appear as the controlling phenomena. This clarifies the emerging picture of DDT, where the proximity of the flame burning velocity to the Chapman-Jouguet value has been identified as a condition for DDT [4, 5, 8, 9, 14] .
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